Animal models have demonstrated that maternal overnutrition during pregnancy influences offspring adiposity. Few human studies of normal pregnancy have replicated these findings. We examined the association between child body mass index at age 5 years and maternal nutrient intake during pregnancy and 5 years postpartum. SUBJECTS/METHODS: Five-year-old children (n ¼ 585) and their mothers were recruited during pregnancy from two maternity hospitals in Ireland. Data are from the Lifeways Cross-Generation Cohort study with detailed dietary information obtained during pregnancy and postpartum using a food frequency questionnaire. Nutrient intake was adjusted for energy intake (EI) and expressed in quartiles. Heights and weights were measured when the children were aged 5 years. We performed multivariate logistic regression analyses to examine the independent associations of macronutrients (protein, fat and carbohydrate) and their components (saturated fatty acid (SFA)/monounsaturated fatty acid/polyunsaturated fatty acid and sugar/starch) with child overweight/obesity. Associations were examined for nutrient intake during pregnancy (T1), at 5 years postpartum (T2) and the change in nutrient intake between T1 and T2. RESULTS: Total mean (s.d.) EI was significantly higher during pregnancy (2548 ± 1239 kcal) than 5 years postpartum (2084±718 kcal). Increased odds of overweight/obesity were found in mothers with higher intakes of sugar at T1 (Q4 odds ratio (OR): 4.57, 95% confidence interval (CI): 1.01-20.69) and high intakes of SFA at T2 (Q4 OR: 3.35, 95% CI: 0.97-11.57). Mothers with persistently high intakes of SFA and those who reduce their sugar intake between T1 and T2 were more likely to have overweight/ obese children. CONCLUSION: Maternal prenatal sugar and pre/postnatal SFA was associated with offspring adiposity.
INTRODUCTION
Fetal nutrition, prenatal growth and body composition reflect the supply of energy and nutrients from the maternal diet and nutritional stores. 1 Some authors have suggested that 'outside the realm of chronic energy deficiency, maternal diet may not merit special attention'. 2 Yet, animal studies have consistently demonstrated a relationship between prenatal nutritional environment, patterns of postnatal growth and adult adiposity. 3 Thus far, maternal-child cohort studies have not demonstrated an association between maternal diet and offspring body composition, possibly because of inadequate nutritional data. 4 In the Avon Longitudinal Study of Parents and Children (ALSPAC), diet during pregnancy was assessed for 5593 motheroffspring pairs, yet Brion et al. 5 could not demonstrate an association between maternal macronutrient (protein, fat and carbohydrate) intake during pregnancy and offspring adiposity or lean mass at age 9 and 11 years. However, emerging evidence suggests that the balance of macronutrient components may be of more interest. In a review of animal models, Ainge et al. 6 reported that pregnant rodents fed a diet high in saturated fat consistently have offspring with a higher risk of developing type 2 diabetes and obesity. An opposing effect has been demonstrated for polyunsaturated fat in human studies where a high maternal n-3 polyunsaturated fatty acid (PUFA) status during pregnancy was associated with lower childhood adiposity at 3 years. 7 In relation to carbohydrate status, the Perinatal Infant Nutrition study found that high maternal glucose concentration during pregnancy was associated with a higher risk of child overweight/obesity at 3 years. 8 These studies suggest that macronutrient balance from the maternal diet may be a critical exposure for the developing fetus. However, critics would argue that offspring adiposity is just as likely to be influenced by the postnatal environment where mother and child are consuming similar foods. In the current study, maternal macronutrient and macronutrient components (saturated fatty acid (SFA), monounsaturated fatty acid (MUFA), and PUFA; starch and sugar) during the first trimester of pregnancy (Time 1 (T1)) and maternal intakes when the child was aged 5 years (Time 2 (T2)) were examined in association with their offspring's weight status at the age of 5 years. We also sought to examine whether a change in mothers' nutrient intake from the time of pregnancy to 5 years postpartum was related to their child's weight status.
MATERIALS AND METHODS Subjects
This longitudinal observational study was established between 2001 and 2003 with the recruitment of 1124 mothers from two maternity hospitals in Ireland (Figure 1 ). Mothers were approached by a midwife at their first ante-natal booking visit to participate in the study, and only Irish born mothers were recruited. 9 A cohort of 1094 live infants were born to these mothers including 12 sets of twins (n ¼ 1082 mothers). In 2007-2008, the 1082 families were contacted when the children were aged 5 years on average, and 669 (62%) agreed to the follow-up. Height and weight measurements were available from n ¼ 585 children.
Methods
Dietary assessment. On providing consent, mothers completed a questionnaire with sections relating to general health, smoking and alcohol use, and social characteristics. Dietary intake during the first trimester of pregnancy and 5 years postnatally was assessed by a 149-item semiquantitative food frequency questionnaire (FFQ) based on the European Prospective Investigation into Cancer and Nutrition instrument, 10 which has been validated extensively in several populations. 11 The version used in this study was originally validated using food diaries and a protein biomarker in a volunteer sample 12 and was then incorporated into the Irish Surveys of Lifestyle Attitudes and Nutrition 1998, 2002, 2006. [13] [14] [15] The FFQ was also validated using a 7-day weighed food record completed by a subsample of Lifeways mothers at the time of follow-up, with reasonable agreement (r40.40) for fat, carbohydrate and their components, and with lower agreement for protein (r ¼ 0.25). 16 Respondents indicated their average use of each food item since becoming pregnant or during the first 12-16 weeks of pregnancy (T1) and over the last year (T2). Frequency of consumption of a medium serving or common household unit was asked for each food and later converted to quantities using standard portion sizes. 17 The frequency categories were 'never or less than once per month', '1-3 per month', 'once a week', '2-4 per week', '5-6 per week', 'once a day', '2-3 per day', '4-5 per day' and '6 þ per day'. The daily intake of energy and nutrients was computed from FFQ data using a tailored computer program (FFQ_Software Ver 1.0; developed by the National Nutrition Surveillance Centre, School of Public Health, Physiotherapy and Population Science, University College Dublin), which linked frequency selections with the food equivalents in McCance and Widdowson Food Tables. 17 The frequency proportion was applied to a standard food portion size to determine the equivalent daily intake of a food. For instance, consumption of roast beef 'once a day' was assigned a standard portion size of 100 g (1 day Â 100 g); '1-3 per month' was assigned a quantity of 6.45 g (2/31days Â 100 g). The nutrient content of each proportion of food was calculated, and an estimate of daily nutrient intake was calculated by the sum of all the nutrients for each individual.
Total energy intake (EI) was the primary criterion for exclusion for implausible dietary intakes, with those outside the range of 500-3500 kcal/ day being excluded. Once the overall EI was computed for each mother, the percentage of respondents that under-and over-reported EIs was estimated. Schofield equations were used to estimate basal metabolic rate. 18 A factor was included for the energy demands during the first trimester of pregnancy ( þ 5%). 19 The ratio of EI to basal metabolic rate was calculated. Cut-off limits based on physiologically plausible levels of EI on a habitual basis, developed by Goldberg and colleagues 20, 21 , were used to identify under-, normal and over-reporters. Under-reporters were those with EI/basal metabolic rate o1.35, normal reporters were in the range of 1.35-2.39 and over-reporters X2.4. 21, 22 Twenty-six percent of mothers were under-reporters; the remainder being normal/over-reporters.
Mothers repeated the baseline questionnaire at T2 and provided information about their child's health and lifestyle, including whether they were breastfed. By administering the FFQ during pregnancy (T1) and again at 5 years postpartum (T2), changes in nutrient intake could be examined.
Macronutrients were adjusted for EI using the energy density method. Mothers were ranked into quartiles according to intakes of each macronutrient (protein, fat and carbohydrate) and their components (SFA, MUFA, and PUFA; starch and sugar).
Assessment of body-weight status. Mothers reported their height and weight before they became pregnant. Hospital record data for mother and Mothers who agreed to participate in the study, N=1124
Singleton mothers with FFQ data, N=1082
Singleton mothers with plausible FFQ data N=1042
Number of live born infants, N=1094
Sets of twins, n=12
Mothers who completed the FFQ during early pregnancy, N=1119
Implausible energy intakes n=40
Withdrawals, Loss to FU, other n=38
Target sample for Follow-up N=1004 Non-response n=320
Mothers FFQ T1&T2 matched with Child BMI n=524 ( Table 2) Mother's FFQ T1&T2 matched with Child BMI and Maternal BMI T2 n=381 (Table 3) Data entry errors, duplicates n=15
Questionnaire but no child BMI data n=84
Mothers responding N=684
Matched questionnaire and measurement data for children, N=585
Mothers with no BMI measurement n=46
Mothers/children with follow-up data available N=669
Implausible energy intakes (T2), no match n=61 Figure 1 . Flow diagram of cohort sample size from baseline to analysis.
Child weight and maternal nutrition C Murrin et al infant were collated to provide information on obstetrical and birth outcomes, including gestational diabetes mellitus and birthweight. At the time of follow-up, weight and height measurements for the mother and child were conducted by trained researchers in the family home. Standardised protocols were applied to measure height to the nearest 0.1 cm and weight to the nearest 0.1 kg. 23, 24 Materials included a portable Leicester Height Scale for measurement of height and a SECA digital weighing scale for weight measurement (purchased and calibrated from Chasmors Ltd, London, UK). Body mass index (BMI) was calculated by dividing weight (kg) by height squared (m 2 ), and mothers were classified as normal (o25 kg/m 2 ), overweight (X25 kg/m 2 ) or obese (30 kg/m 2 ) according to the World Health Organisation criteria. Normal, overweight and obesity in children were classified using the International Obesity Taskforce cut-offs 25 and then dichotomised to provide the outcome variable (normal vs overweight/obese).
Statistical analysis. Mean EIs and the percentage energy from macronutrients were compared for mothers during pregnancy and at the time of follow-up by paired t-test. The relationship between the nutrients consumed at T1 and T2 was assessed using Pearson's correlation. The change in maternal intake between T 1 and T2 was identified by examining whether mothers shifted intakes across quartiles. These were categorised accordingly: Group A-those who remained low consumers of a nutrient; Group B-those who shifted to a higher consumption; Group C-those who shifted to a lower consumption; Group D-those who remained high consumers. Logistic regression methods were employed to identify associations between maternal intake of individual of nutrients, the change in nutrient intake and the child's weight status. This approach was used to allow for the nutrient intake in T2 to be adjusted for nutrient intake in T1. Univariate analysis examined the association of each nutrient with child overweight/obesity. A series of multivariate analyses followed with the final model adjusting for maternal BMI and height, child birthweight, child age and gender, mother's age, smoking status during pregnancy, socioeconomic status and whether the child was breastfed. Generalised Linear Modelling was used to calculate P-value for trend across categories in Tables 2 and 3 .
RESULTS
Comparisons of energy and macronutrient intake between the two time points are presented in Table 1 . Mean EIs during pregnancy were significantly higher than that at follow-up. The percentage energy from macronutrients also differed between time points. Total carbohydrate and its sugar constituent were significantly higher during pregnancy, as was SFA intake. In contrast, protein and starch intakes were higher at 5 years postpartum.
Univariate analysis of quartiles of individual nutrients during pregnancy demonstrated significant associations with fat, carbohydrate, SFA and starch intakes, and offspring overweight/obesity (Table 2) . Partial adjustment for all nutrients in the one model resulted in significant associations only for carbohydrate and sugar. In the fully adjusted model during pregnancy (Table 2) , there was a clear gradient for the percentage of energy derived from sugar and offspring overweight/obesity at age 5 years, with mothers in the highest quartile of intake being 4.5 times more likely to have a child who was overweight/obese (Q4 odds ratio (OR) 4.57, 95% confidence interval (CI): 1.01-20.69, P for trend ¼ 0.07). In this model, child overweight/obesity was also significantly associated with maternal BMI before pregnancy (OR 1.09, 95% CI: 1.01-1.16) and high (X 4.0 kg) infant birthweight (OR 1.97, 95% CI: 0.99-3.91).
The analysis was repeated for maternal nutrient intakes at 5 years postpartum to examine the influence of concurrent maternal diet and offspring adiposity. Table 3 shows that mothers with higher intakes of sugar are less likely to have overweight/obese children than those with low intakes. Furthermore, in the fully adjusted model, the direction of the sugar associations occur with the opposing direction of SFA intakes. Mothers in the highest quartile of SFA intake postpartum were associated with child overweight/ obesity (Q4 OR 3.35, 95% CI: 0.97-11.57, P for trend ¼ 0.12).
The final analysis examined the change in nutrient intake between the two time points (Table 4) . Mothers whose intake of SFA remains in the highest quartile during pregnancy and postnatally were over three times more likely to have an overweight or obese child (Group D OR 3.72, 95% CI: 1.12-12.33). The change in sugar intake between pregnancy and 5 years postpartum was also significant in the fully adjusted model where mothers who changed from having a high sugar consumption during pregnancy to a lower consumption 5 years postpartum were more likely to have an overweight/obese child (Group C: OR 2.48, 95% CI: 1.14-5.41). Increasing maternal BMI and high birthweight continued to remain as significant predictors of child weight status.
The correlation matrix in Table 5 demonstrates that there was a relationship between the nutrient intake at T1 and T2, which ranged from r ¼ 0.14 for starch to r ¼ 0.30 for total fat.
DISCUSSION
In the present study, the saturated fat and sugar components of maternal diet were associated with offspring weight status, whereas total fat and total carbohydrate did not demonstrate any effect. Our findings also suggest that persistent high maternal SFA intake is a strong indicator of child overweight and obesity both during pregnancy and in the concurrent diet. Maternal sugar intake, however, appears to have a strong positive predictive effect during pregnancy, but in the postnatal environment, mothers with high intakes were less likely to have overweight or obese children.
Few human observational studies have examined the association between maternal pre-and postnatal nutrient intake and childhood adiposity. Brion et al.
5 were unable to demonstrate an association, perhaps as a result of analysing total macronutrient content only rather than the nutrient components, as we have demonstrated here. Nevertheless, they did find that parentaloffspring macronutrient associations had stronger effects for prenatal maternal fat and protein intake than for postnatal intakes. Furthermore, we have recently reported an association between familial total macronutrient intake and offspring macronutrient intake across three generations, strongest across the maternal line. Child weight and maternal nutrition C Murrin et al The observation that a diet that is high in SFA at both time points is the strongest predictor of offspring overweight/obesity supports the evidence in experimental studies.
6,27-29 Several possible mechanisms have been proposed that may mediate the developmental programming of obesity. Maternal dietary fat has been implicated in fetal development, specifically PUFA n-6 and n-3, which have key roles in brain development. It has been suggested that foods high in non-PUFA may interfere with metabolism of these essential fatty acids, leading to alterations in the development of the hypothalamic centres that control appetite. 30 Indeed, Donahue et al. 7 have recently demonstrated a protective effect of prenatal n-3 PUFAs on adiposity in 3-year olds. Postnatal nutrient intake may reflect prenatal intake, and we did find correlations between the two time points, however, these relationships only explained up to 9% of the variance in the case of total fat intake. Furthermore, the inclusion of dietary change as a categorical variable in the multivariate model allowed for adjustment where nutrient intake at T1 may confound the association at T2 and also allowed for the problem of multicollinearity between the time points.
There was a clear gradient in the effect of sugar intake during pregnancy and offspring weight status. This is supported by evidence from several studies that have looked at maternal glucose concentration in relation to offspring size. 8, [31] [32] [33] A direct effect of prenatal sugar intake and offspring adiposity is highly plausible. Glucose is derived from the metabolism of carbohydrate in the diet, and is the principal source of fuel for the growing fetus. High-glucose concentrations cross the placenta but maternal insulin does not, leading to increased insulin production in the fetus, which stimulates growth and high levels of subcutaneous fat in the Child weight and maternal nutrition C Murrin et al 31, 34, 35 High maternal glucose concentrations were also found to be significantly associated with fetal macrosomia in infants of non-diabetic mothers. [36] [37] [38] During pregnancy, women commonly report craving sweet foods, 1, 39 which may correspond with high sugar intakes, and randomized diet trials have found that the typical 'western' diet may induce insulin insensitivity in pregnant women. 40 Energydense diets have been found to positively influence gestational weight gain. 41 In trials with pregnant animals, feeding rats a 'junk' food diet, characterised by high fat, high sugar and high salt, has demonstrated increased risk of adiposity in adult offspring. 42 Further studies that have examined the use of the glycaemic index as a method of classifying the response to carbohydrate during pregnancy found an increased risk of birthweight and infant adiposity in women consuming a high glycaemic index diet. 43 The observation that child obesity is more likely in mothers who reduce their sugar intake from the time of pregnancy was unexpected, particularly because, unlike SFA, those who remained as high consumers were no more likely to increase the risk of overweight/obesity than those who were low consumers. One possible explanation is that mothers who reported a high sugar intake during pregnancy were subsequently identified as having hyperglycaemia or impaired glucose tolerance and either reduced their sugar intake or may have under-reported their sugar intake at the 5-year follow-up. Maternal gestational diabetes mellitus was previously included in an analysis (not shown here) but, similar to the findings of Hillier et al., 32 gestational diabetes mellitus was no longer significant following multivariate adjustment.
An alternative explanation for these findings is that during pregnancy, mothers may be more likely to 'indulge' with foods that are both high in fat and sugar. During the postnatal period, mothers may try to 'improve' their diet or revert to their prepregnancy diet by reducing their sugar intake, but continue to consume high-fat foods. This scenario supports the fetal origin hypothesis of overnutrition in the intrauterine environment, predisposing the offspring to later overweight and obesity.
A particular strength of the Lifeways study is that it is one of a few longitudinal studies to have maternal dietary information early in pregnancy and at a postnatal stage measured at the same time as the child's BMI. Furthermore, it allows for control of a large number of potentially confounding factors, which are important predictors of childhood obesity including pre-pregnancy BMI, maternal smoking, and other socioeconomic and lifestyle variables not considered elsewhere. The cohort represents women from both rural and urban regions with a spread of socioeconomic backgrounds, which provides for more representative data.
As with all longitudinal studies, the impact of attrition can have marked effects. There was evidence of a socioeconomic bias in relation to non-response, but there was no evidence of selection bias in terms of pre-pregnancy BMI of the mothers, which is Table 5 . Correlation matrix of maternal nutrients intakes during pregnancy (Time 1) and 5 years postpartum (Time 2) important as BMI is one of the key variables of interest. However, BMI as a measure of adiposity is limited as it is measuring both lean and fat mass. Mothers remaining in the study were more likely to be of higher socioeconomic status, and these women possibly had more awareness of healthy dietary practices with some social desirability bias in reporting of dietary intake. 44 However, in a previous analysis, similar percentages of underreporting were found in responders and non-responders (31.6% and 29.8%, respectively), 16 which were lower than those reported in other studies of diet in pregnant mothers. 45 Over-reporting was, however, significantly different between responders and nonresponders with a marked sociodemographic gradient, possibly explained by difficulty with literacy or comprehension of the instructions for the FFQ. 46 In conclusion, we found that maternal intakes of total macronutrients did not demonstrate any significant effect on offspring adiposity, but strong effects were observed for the macronutrient components SFA and sugar. This would suggest that studies of diet and body composition should investigate both total macronutrient intake and their components to provide a more comprehensive understanding of the associations.
